Drosophila has become an excellent model system for investigating the organization and 14 function of the gustatory system due to the relatively simple neuroanatomical organization of its 15 brain and the availability of powerful genetic and transgenic technology. Thus, at the molecular 16 and cellular level, a great deal of insight into the peripheral detection and coding of gustatory 17 information has already been attained. In contrast, much less is known about the central neural 18 circuits that process this information and induce behaviorally appropriate motor output. Here we 19 combine functional behavioral tests with targeted transgene expression through specific driver 20 2 lines to identify a single bilaterally homologous pair of bitter sensitive interneurons that are 21 located in the subesophageal zone of the brain. Anatomical and functional data indicate that 22 these interneurons receive specific synaptic input from bitter sensitive gustatory receptor 23 neurons. Targeted transgenic activation and inactivation experiments show that these bitter 24 sensitive interneurons can largely suppress the proboscis extension reflex to appetitive stimuli 25 such as sugar and water. These functional experiments together with calcium-imaging studies 26 indicate that these first order local interneurons play an important role in the inhibition of the 27 proboscis extension reflex that occurs in response to bitter tastants. Taken together, our studies 28 present a cellular identification and functional characterization of a key gustatory interneuron in 29 the bitter sensitive gustatory circuitry of the adult fly.
INTRODUCTION
The gustatory and olfactory systems of Drosophila represent powerful models for analyzing the 35 neuronal organization of chemosensory systems (Vosshall and Stocker, 2007) . In the adult their ability to inhibit sugar-induced appetitive PER by targeted transgenic activation via TrpA1, 89 we identify the VGN6341 line as a marker for interneurons implicated in aversive gustatory 90 responses. Further experiments that limit the targeted transgenic activation to specific CNS 91 regions show that the corresponding VGN6341 interneurons are located in the SEZ. GFP 
RESULTS

102
Identification of candidate neurons involved in aversive taste behaviors 103 To identify candidate neurons that might be involved in gustatory circuitry, we performed a 104 functional behavioral screen, in which Gal4 driver lines were used together with a UAS::TrpA1 105 reporter to activate target neurons, and the resulting effects on sucrose-induced appetitive PER 106 was examined ( Figure 1A ). We reasoned that Gal4 driver lines that were able to inhibit the This screen resulted in the identification of the VGN6341 Gal4 line as a driver that targets 111 putative candidate interneurons of the gustatory bitter processing circuitry. 112 In non-satiated wild type flies, tarsal stimulation with sucrose reliably elicits appetitive PER; 113 sugar stimulation results in one or more PER in virtually to 100% of the trials (Dethier, 1976; 114 Wang et al., 2004; Masek and Scott, 2010). Like wild type flies, control flies carrying either 115 TrpA1 or VGN6341 reliably extended their proboscis in response to tarsal sucrose stimulation, 116 and they did so at both 22°C and 31°C. Moreover flies carrying both VGN6341 and TrpA1 117 (VGN6341>TrpA1) also reliably extended their proboscis in response to tarsal sucrose 118 stimulation at 22°C (TrpA1 inactive). However, these flies rarely extended their proboscis in 119 response to tarsal sucrose stimulation at 31°C (TrpA1 active); PER occurred in response to sugar 120 stimuli in less than 4% of the trials ( Figure 1B ) (supplementary movie 1).
121
Comparable results were obtained in experiments in which the PER was elicited in thirsty flies 122 by tarsal stimulation with water. Control flies carrying either TrpA1 or VGN6341 reliably 123 extended their proboscis in response to tarsal water presentation at both 22°C and 31°C. Flies 124 carrying both TrpA1 and VGN6341 (VGN6341>TrpA1) also reliably extended their proboscis in 125 response to tarsal stimulation with water at 22°C. However, they rarely extended their proboscis 126 in response to tarsal stimulation with water at 31°C (Fig. 1C) (VGN6341>Shi ts ) also rarely extended their proboscis in response to the sucrose/quinine 139 combination at 22°C; PER occurred in only 5% of the trials. However, these flies showed a 140 significant increase in PER to the aversive sucrose/quinine stimulus mixture at 31°C; PER 141 occurred in 25% of the trials (Fig. 1D ). As the PER increase is less than sugar controls, the 142 neurons in VGN6341 are unlikely to be the only neurons that convey bitter taste signals.
143
Taken together, these results indicate that activation of VGN6341 neurons can inhibit the PER 144 response to an appetitive gustatory stimulus such as sucrose or water and that inactivation of The neuroanatomical features of the VGN6341 neurons can be revealed in targeted label 155 experiments by using VGN6341 Gal4 to drive UAS mCD8::GFP. These experiments show that 156 both the central brain and the ventral nerve cord contain subsets of labeled neurons.
157
In the central brain, the majority of the labeled neurons are located in the subesophageal zone 158 (SEZ); only sparse cell labeling is seen more anterior brain regions (Fig 2A) . The labeled 159 neurons in the SEZ have cell bodies located in two small clusters on each side of the midline, 160 one medial and one lateral ( Fig. 2A) . In order to map the putative presynaptic terminals of these 161 neurons, we expressed the presynaptic marker synaptotagmin-hemagglutinin (HA) in these 162 neurons (Robinson et al., 2002) . Immunolocalization with α-HA showed extensive labeling in 163 the medial SEZ ( Fig 2B) . The synaptotagmin labeling thus implies that majority of these labeled 164 neurons are interneurons that do not project axons out of the CNS. In addition to these 165 interneurons, 3 labeled motor neurons are also present in the SEZ; these motor neurons innervate 166 3 different muscles of the proboscis ( Fig 2C) . Given the regionally diverse distribution of neurons labeled by VGN6341 Gal4, we next 172 determined which of these neuronal subsets was responsible for inhibiting the PER to appetitive 173 gustatory stimuli. To investigate if the VGN6341 neurons located in the ventral ganglia are required for the 177 inhibition of appetitive PER, we limited the transgenic activation via TrpA1 to the neurons in the 178 brain. For this, VGN6341 Gal4 was used to drive UAS-TrpA1 in a Tsh Gal80 background. Tsh 179 Gal80 inhibits the Gal4/UAS system in neurons of VNC, but has no effect on the Gal4/UAS 180 system in the central brain (Clyne and Miesenböck, 2008) ( Fig. 3A, B ). In response to tarsal 
188
The population of VGN6341 neurons in the brain consists of both interneurons and motor 189 neurons (see above). To rule out that VGN6341 motor neurons in the brain (or elsewhere) are 190 responsible for the induced inhibition of appetitive PER, VGN6341 Gal4 was used to drive 191 UAS-TrpA1 in the presence of Cha Gal80, which inhibits the Gal4/UAS system in cholinergic 
Identification of a VGN6341 interneuron sufficient for the inhibition of appetitive PER 231
In order to identify the postulated bitter sensitive interneuron(s) in more detail, we combined 232 VGN6341 cis-flipout with a functional behavioral assay in a genetic mosaic analysis designed to 233 identify interneurons responsible for the inhibition of the appetitive PER at the single cell level.
234
For this, heat shock was used to flip out GAL80 (tub-FRT-GAL80-FRT) and induce VG6341-235 dependent expression of UAS-dTrpA1 and UASmCD8::GFP in the SEZ. We recovered a total 236 of 66 flies with small sets of labeled VG6341 neurons in the SEZ. Among these, 21% 237 manifested an inhibition of appetitive PER at 31°C (TrpA1 active) and 79% did not. 238 In the flies that did show an inhibition of appetitive PER, the VG6341-labeled neurons always Several neuron types with neural processes in the SEZ that are known to be involved in 316 gustatory/feeding circuitry might represent putative target neurons for these identified bGLNs.
317
(Given that the first-order local interneurons have all of their neural arbors located within the 318 SEZ, their target neurons must also arborize, at least in part, in the SEZ.) These include local 319 interneurons with command function in the feeding program, projection interneurons that 320 modulate feeding in the adult and are thought to combine feeding modulation with bitter taste 321 detection in the larva, and motor neurons that control proboscis extension as well as food other as yet unidentified SEZ neurons with roles in gustation or feeding are indeed postsynaptic 324 targets of the fist order bitter-sensitive interneurons and whether they receive excitatory or 325 inhibitory input from these cells must await further investigation. 326 It is remarkable that the bitter taste modality is conserved in insects and mammals, and that bitter 327 gustatory information plays a key role in evoking aversive behavior in these and many other Photoshop.
361
PER Assays:
362 PER assays were done as described previously (Paranjpe et al., 2012) . Briefly, 0 to 12 h flies 363 were transferred to a fresh food bottle for 1 d. Flies aged 2-4 days, 24-h starved, were used 364 throughout the study. Each animal was mounted individually on a glass slide 4 h before assaying 365 and kept in a humidified chamber to prevent desiccation. Immobilization of animals was carried 366 out dorsal side down so that PER could be observed clearly under a stereomicroscope.
367
Stimulation consisted of a tastant solution applied using a 1-mL syringe needle to the tarsal hairs.
368
Animals were always water-satiated prior to tastant stimulation except in case of stimulation by 369 water, in which flies were kept thirsty for 4h. Each stimulus lasted 2 sec. A test comprised five 370 consecutive tarsal stimuli. A 10-sec gap was given between successive stimuli. Weak or 371 completely failed PER events in response to a stimulus were scored as a zero. A successful PER 372 response to a tarsal stimulus was scored as one. Thus, for example, a successful PER of 4 of 5 373 stimuli in a test would result in a performance score of 0.8.
374
Clonal Analysis: 375 GFP-labeled clones were generated in flies using transgenes to flip-out GAL80. Flies of the 376 genotypes hs-flp, UAS-mCD8-GFP; UAS-dTRPA1, tub>Gal80>; VGN 6341-GAL4 were 377 recovered from single heat shock treatment of 5-10 minutes at 37°C, which were performed at 378 late third instar larval stage. Flies aged 3-6 days were tested in PER and immunohistochemistry 379 assays as described.
380
Calcium Imaging: 381 Flies, 4-6 days old, were used for calcium imaging. Calcium imaging was done as described 
